Geostatistics offers various techniques of estimation and simulation that have been satisfactorily applied in solving geological problems. In this sense, conditional geostatistical simulation is applied to calculate the probability of occurrence of an earthquake with a lower than or equal magnitude to one determined during a seismic series. It is possible to calculate the energy of the next most probable earthquake from a specific time, given knowledge of the structure existing among earthquakes occurring prior to a specific moment.
INTRODUCTION
variable is distributed in space and/or time we say that it is a regionalized variable. These variables, due to their spatialThe methods that enable us to study seismic series from spatial temporal character, have a random as well as a structural as well as temporal or energetic points of view can be classified component (Matheron 1963) . At first sight, a regionalized into two types: deterministic and probabilistic methods. In this variable seems to be a contradiction. In one sense it is a study we suggest the use of probabilistic methods, founded in random variable that locally does not have any relation to probability theory, because of the lack of information about the nearby variables. On the other hand, there is a structural the causes of the sequence of seismic events (Kagan 1992) ; the aspect in the regionalized variable that depends on the distance complexity of the cause-effect relations of the seismic series of separation of the variables. Both characteristics can be (De Miguel 1976; Posadas et al. 1993a,b) ; the fact that the described, however, using a random function for which each earthquakes are considered as non-linear, chaotic phenomena regionalized variable is a particular realization. By incorporating (Kagan 1997; Feng et al. 1997) that are self-similar with no the random as well as the structural aspects of a variable in a scale variability (Kagan 1997) ; the lack of a complete theory simple function, the spatial variability can be accommodated about the occurrence of earthquakes; the complexity and the on the basis of the spatial structure shown by these variables difficulty in interpreting the character of the data; the multitude (Carr 1983) . In this sense, a regionalized variable is a variable of variables involved in an earthquake (which implies that we that qualifies a phenomenon that is distributed through space are dealing with a multidimensional process); and various and/or in time and that presents a certain correlation structure other factors (Kagan & Jackson 1996) . (Chica Olmo 1987) . To date, regionalized variables have been Geostatistics offers various methods that are important in used in geological disciplines that represent phenomena in a quantifying and solving for many geological variables. All qualitative as well as quantitative manner; for example, the these methods consider the value of each point as well as the law of a mineral, the thickness of strata, the pluviometry of a spatial and/or temporal position of each point with respect to region, the impermeability of the land and the resistivity of the others. This aspect achieves results that approximate the the ground. real values better than those reached with other methods.
On the other hand, one of the most characteristic aspects of seismic activity is that it usually occurs in the form of a seismic series. A seismic series is a set of earthquakes occurring in a 2 SOME IMPORTANT CONCEPTS given period of time in a given area. Seismic series are common Geostatistics has its basis in Matheron's (1965) Theory of in some regions. Gutenberg & Richter (1954) defined seismicity Regionalized variables. A random variable is one that has a as an activity of fluctuating fracturation associated with earthquakes. variety of values in accordance with a particular probability Earthquakes of a seismic series have a similar spatial and structure of a regionalized variable is to relate the changes between the variables to the distance that separates them. If temporal genesis, so form sets of inherently correlated data. A set of observed earthquakes can be considered as an estimator the average difference between the variables increases as the separation distance increases, there is a spatial structure and of the properties of the totality of the population of past and future events within a defined region (Udías & Rice 1975) .
the variables are regionalized. If, on the other hand, the average difference between the variables changes erratically, irrespective The estimation of the scaling properties of several geophysical systems can be significantly influenced by the use of sets of of the distance of separation, the variable is random and there is not a spatial structure. It is thus possible to identify data that are limited in quantity of data available as well as in the size of the volumes of study and measurement errors analytically the spatial behaviour of a random variable (Carr 1983) . (Eneva 1996) . Thus, Eneva (1996) concludes that the bias of the estimations of the correlated dimensions from a set of limited Taking into account the concept of statistical variance, and considering that the expectation of a random function at point data can readily be evaluated, making it unnecessary to work with ever-increasing sets of data, and thus small sets of data x is the mean m(x), then the variance is an expectation and is (Journel & Huijbregts 1978) can be effectively used to observe temporal variations in the scale properties that may be associated with the occurrence of Var{Mag(x)}=E{[Mag(x)−m(x)]2} .
(1) larger events. From a geostatistical point of view, the seismic series make up a set of data appropriate for the study of For two regionalized variables Mag(x 1 ) and Mag(x 2 ), which methods that determine parameters or properties that may be have variances in x 1 and x 2 , a covariance that relates these of interest.
variables can be expressed (Journel & Huijbregts 1978) as Earthquakes of a seismic series are considered as stochastic C(Mag(x 1 ), Mag(x 2 ))=E{[Mag(x 1 )−m(x 1 )] mathematical variables, belonging to a continuous space-timeenergy medium with dimension 5 (Q i
(2) is latitude, l i longitude, h i depth, t i time and M i magnitude The intrinsic geostatistical hypothesis only assumes the (Udías & Rice 1975) . The earthquakes of a seismic series stationarity of the second order of the increases, and so the reflect a clear activity in one area and for a delimited time.
data can perfectly well have a derivative. This aspect is very This seismic activity is the product of the creation and/or important because the majority of the phenomena analysed in movement of a fault or a system of faults. The geographical Earth Sciences usually have derivatives/tendencies (Herzfeld coordinates of the earthquakes analysed are considered to be 1992). Owing to the fact that the intrinsic hypothesis m(x 1 )= included within the system of coordinates that the seismic m(x 2 ) holds, the variance of the incremental difference between series covers; that is, the system of faults that produces the the variables Mag(x 1 ) and Mag(x 2 ) can be expressed as follows: seismic activity. So, in this paper we consider only the temporal and energy coordinates. The temporal coordinate will be
)} understood as the order of sequence within the seismic series
and not as absolute time.
If the activity develops without abrupt changes during the If the points x 1 and x 2 are separated by a distance h, then fault process that produces the earthquake, or if no other fault x 1 =x, x 2 =x+h, and system develops, it is possible to know the structure that exists 2c(h)=E{[Mag(x)−Mag(x+h)]2} (4) between the earthquakes. This is shown using the variogram function; if there were to be a change in the correlation and structure of the data it would be reflected in a change in the
kind and parameters that define this function.
The data on the occurrence of earthquakes and the resulting Eq. (4) defines the analytical equation of the variogram (or release of energy occurring up to a given moment provide variogram function), and eq. (5) defines the semi-variogram, information about the structure and the relation that exist although it is very common to call the semi-variogram the among these earthquakes. This is precisely the moment to take variogram too. These equations describe the structural aspect advantage of this information, which allows us to know what of a regionalized variable, and the function c measures the is most likely to happen after a given time.
spatial continuity, or, in other words, the spatial correlation. In this case, c(h) represents half of the average of the squares of the differences between the magnitudes of the earthquakes 3 VARIOGRAM CONCEPT separated by a step or distance h. Since this methodology From a geostatistical point of view, the sequence of magnitudes originated in the solution of mining problems, some of the of the earthquakes of a seismic series can be considered as a original terms are retained, such as the case of the step h or regionalized variable. This variable is interpreted as a function distance. In this way, it is deduced that c(h) is a vectorial mag(x) that provides the magnitude mag of an earthquake x function depending on the modulus and the angle of the vector within the sequence of a seismic series. The regionalized of distance h. Considering the sequence of the magnitudes of variable mag(x) behaves like a random variable, and an a seismic series, the vector distance h is linear (angle=0°) and earthquake can be considered as a particular realization of the its modulus is a function of the order of the sequence. random function Mag(x), made up of a set of random variables
The statistical inference of the direct variogram is obtained
, a sequence of earthquakes from the estimator c*(h) of the variogram c(h) of eq. (5): within the seismic series. The transitional behaviour ( between a deterministic and random state) is typical of a regionalized c*(
variable (Herzfeld 1992) . One way of examining the spatial where Np(h) is the number of pairs of magnitudes of the 4.1 Basic statistical treatment and experimental earthquakes at a distance h, and this equation represents half variographic analysis of the average squared increases between the earthquake magnitudes separated by a distance h.
Basic statistical treatment
As a first step, the quality of the data is proved, and the basic 4 THE CONDITIONAL GEOSTATISTICAL statistical calcultations from which the statistics or measure-SIMULATION METHOD FOR THE ments are obtained are performed. These are the numerical ENERGETIC SIMULATION OF SEISMIC values that enable us to characterize and compare the statistical SERIES distributions. They can be of several types, as follows.
As in almost all of the fundamental concepts of geostatistics, Measurements of centralization. These measurements indicate the first steps of the geostatistical simulation method were a value around which the distribution values are distributed. given by Matheron, who proposed and implemented this They are generically known as means, and have the following method in the form of the T urning Bands Method. Later, the forms. theoretical bases were affirmed and supported (Guibal 1972; Journel 1974a,b; Chiles 1977; Journel & Huijbregts 1978;  T he arithmetic mean or mean, m. Alfaro 1979) and the first applications appeared (Deraisme T he median, M, is the value that divides the population into 1978a,b 
Distribution moments. These can be central or with respect the variances, s2 CS =s2 ,
to the origin.
T he central moment of order r, M r , is the average of the and the histograms,
deviation with respect to the mean taken to order r.
Moreover, a conditioning of the simulated model is imposed Asymmetry or skewness measurements. These provide an on the experimental values; that is, at a point or experimental idea of the asymmetry of the distribution. A distribution is time x, the simulated and the experimental values coincide: symmetric when the frequencies corresponding to equidistant values with respect to a central value are equal. In the ideal mag CS (x)=mag(x) .
(11) symmetry condition, the values of the mean, median and mode coincide. A distribution has a bias to the right or is positive The fact that the variograms of the simulated values and the real values coincide implies that both sets of values have (+) if the frequencies descend more slowly on the right of the histogram. In this case, the mean is greater than the mode. A the same spatial and/or temporal variability.
The steps for obtaining numerical model of simulation from distribution has its bias to the left or is negative (−) if the frequencies descend more slowly on the left of the histogram. the experimental data (Pardo Igú zquiza et al. 1992) are given below.
In this case, the mean is less than the mode.
T he coeYcient of skewness, CS, calculated in terms of the the experimental data is not a true variogram, in the sense moments, is the ratio between the moment of order 3 and the that it is not a positive defined function (Journel & Huijbregts standard deviation cubed. 1978) , and therefore a theoretical variogram function must be fitted to the experimental one. This process is called variogram Measurements of kurtosis. These indicate the degree of fitting, and requires the types of parameters needed to define kurtosis with respect to a normal or Gaussian distribution.
the theoretical variogram function to be chosen. Once the experimental variogram has been calculated we T he coeYcient of kurtosis, CK, calculated in terms of the have to find the theoretical variogram that fits it best, defining moments, is the ratio between the moment of order 4 and the the type of function fit, its range, its sill and the parameters standard deviation taken to the fourth power. In a Gaussian required to define some of these theoretical functions. These or normal distribution this coefficient CK is 3 and its curve is parameters of the variogram and the type of function offer normal or mesokurtic. If CK is greater than 3, the distribution us the spatial and/or time information needed to handle has a leptokurtic curve, which is sharper than the Gaussian the problems related to the estimation and simulation of the one. If CK is less than 3 the distribution has a platikurtic variables. The fitting method is based on an empirical process: curve, which is flatter than the Gaussian one.
the user selects the type and parameters of the variogram The analytic expressions of the above concepts are detailed functions after performing tests, and based on their experience. in eqs (12) to (29) given in Table 1 .
The fitted mode is later validated by means of a simple crossvalidation method. In addition to this classical method, there 4.1.2 Experimental variographic analysis are other recent methods based on non-linear regression and weighting of variables. These latter methods are automatic, Variographic analysis begins with the calculation of the experiand the user's contribution is not needed. The selection of a mental variogram, from the experimental data using formula method is a matter for the user, to be made taking their (6) for the experimental estimator of the variogram. In the experience into consideration. We have chosen the classical case of a temporal series, the calculations will be in a 1-D space. However, the experimental variogram calculated from form for the present work. 
Variographic analysis is very important because it enables
In order to calculate the Gaussian values, we use the cumulative histogram without grouping the data in classes, us to define the structure of the data, and the degree of correlation. Note that the variogram function indicates the but considering the data individually. They are normally put in increasing order and the value of the following distribution variability that exists among the data in the set considered. In the case when the variogram is stationary, that is it reaches a probability function is assigned to each experimental value z: limiting value in its growth (sill) that represents the maximum variability or minimum correlation among the data, the relation
between the variogram function and the covariance function is given by the expression where F(mag(x)) is the distribution function of experimental probability for the experimental value mag(x), n is the position c(h)=s2−C(h) .
(30) of the datum mag(x) in the sequence of ordered values, and N is the total number of experimental values. From this we can deduce that the variogram and the covariance As can be seen, the Gaussian values obtained are independent functions are symmetrical if the phenomenon with which we of the numerical value of the experimental values. If we find are dealing is stationary.
several values repeated then we assign the same Gaussian From expression (30) we also define the correlogram, r(h), probability to all of them-that calculated for the element of and the relative variogram, c r (h), which enable us to compare greatest order. series of different data. Thus, if we normalize the previous Next, the Gaussian values are calculated from the inverse expression with respect to the variance s2 we have Gaussian function using the rational approximation given by Abramowitz & Stegun (1964) . If If we define of structural character can be performed using three moments of the conditional geostatistical simulation process: first, on t=
the experimental data to characterize its spatial variability; second, on the normalized values obtained when the experithen mental values have been transformed by the non-conditional simulation; and third on the values obtained as a result of The methods of non-conditional geostatistical simulation i=1 … N . generate a set of simulated values with a distribution function Once the correspondence between the experimental values of the probability of centred and reduced Gaussian probability mag(x i ) and their respective Gaussian values y i has been N(0, 1). In order to transform these data into real units, by obtained, we can restore any Gaussian value to real units conserving the histogram of the regionalized variable, we use using a linear interpolation between the immediate superior the so-called anamorphosis function (Journel 1974b; inferior values in such a way that if 1975, 1978; Journel & Huijbregts 1978; Chica Olmo 1987) :
and then
is the experimental distribution function, w( y) is the direct anamorphosis function, and w−1(mag(x)) is the inverse This transformation is known as direct Gaussian anamorphosis. anamorphosis function.
Outside the range of experimental values, the anamorphosis The distribution function of the probability of the experifunction is not known and so it is necessary to model it mental data for the case of geological and geophysical variables theoretically. To do this we use the method called Gaussian is unknown in the majority of the cases. The experimental Modelization of the Distribution Tails of Pardo-Igú zquiza histogram is therefore usually considered to be sufficiently (1989, 1991) . In this method we consider that, when the representative (Journel 1974b ). This histogram can reflect any distribution probability function of a random function Mag(x) model of the distribution probability function, but the most is Gaussian, the anamorphosis function is a straight line with frequently used algorithms in the non-conditional geostatistical a slope equal to the standard deviation and whose intersection simulation produce simulated values with a distribution with the axis is equal to the mean; that is, function of Gaussian probability, as a result of the Theorem of the Central Limit (Marechal 1975) .
Assuming that the probability determined by the distribution simulation that the method proposed by Shinozuka & Jan (1972) uses. This is a technique in the frequency domain, where function of Gaussian probability below and above the values −4 and 4 is sufficiently small, the spectral density function is determined by a Fourier transform of the covariance function.
In the case of stationary random functions, this spectral density function represents the distribution of the variance in the following can be taken as extreme values:
terms of the frequency. The generator of the simulated values
is expressed as follows:
The construction of the end part of the tail is carried out for the tracing of the left part by joining the points where mag s (x) is the value of the simulated magnitude at point (−4, mag(x) min ) and (y 1 , mag(x) 1 ) , x, S(v) is the spectral density function, v is the frequency, i is the order of the harmonic, N is the number of harmonics used, where −4 is the minimum theoretical Gaussian value, Dv is the discretized frequency, v i is the frequency to which a mag(x) min is the minimum theoretical value, y 1 is the minimum small random frequency is added in order to avoid periodicities, Gaussian value and mag(x) 1 is the minimum experimental and w i are independent random angles uniformly distributed value. In order to trace the right part, the following points are between 0 and 2p. joined:
The most common formulas for S(v) for the most widely (4, mag(x) max ) and (y n , mag(x) n ) , used models in geostatistics (Pardo-Igú zquiza et al. 1992) are detailed in eqs (46)- (51) given in Table 2 . where 4 is the maximum Gaussian theoretical value, mag(x) max is the maximum theoretical value, y n is the maximum Gaussian value and mag(x) n is the maximum experimental value. With 4.4 Conditioning of the simulation of the experimental this method we can avoid artificial densities in the tails. values
The number of possible simulations of a random function 4.3 Non-conditional simulation
Mag(x) that fulfil the condition of being isomorphic to the experimental realization, meaning that they have the same Within the theory of stochastic processes we can find a number of probabilistic methods for 1-D simulations of processes that mean and variance values and the same variogram functions, is infinite. have a covariance function C(h), which is the same as a determined variogram function c(h). These methods can be
The conditioning process of the simulation enables us to choose from all the possible realizations of the simulation divided into two fundamental types: methods in the domain of space or time; and methods in the frequency domain, also those that incorporate the experimental data points. To do this, starting from non-conditional simulation, a series of operations known as spectral methods.
Here we have used the program 1 (Pardo-Igú zquiza to make the simulated values coincide with the experimental values is carried out. This is achieved using a technique called et al. 1992) to carry out the calculations of the conditional Table 2 . Analytic expressions for S(v) for the most widely used models (modified from Pardo-Igú zquiza et al. 1992).
kriging (Matheron 1970; Journel & Huijbregts 1978): rest of the earthquakes were of lower magnitudes. Fig. 2(a) shows the sequential evolution of the magnitudes of the seismic series:
the order in the sequence of the series for each earthquake is shown on the x-axis and the magnitude corresponding to each
event is shown on the y-axis. Fig. 2(b) shows the temporal evolution of the magnitudes, with the time of occurrence on where y cs (x) is the conditionally simulated Gaussian datum, the x-axis. The time is expressed in days, taking as the origin y s (x) is the non-conditionally simulated Gaussian datum, y(x) 00 : 00 hr on the day when the first earthquake of the series is the normalized experimental datum, y* k (x) is the value estioccurred. This graph clearly shows the short time that there is mated by kriging from the datum y(x), y* sk (x) is the value between the first few earthquakes, and especially the difference estimated by kriging from the datum y s (x), l i are the measured of scarcely 4 hr between the first earthquake of the series of weights of the kriging system, and N is the number of nearby magnitude 5.0 and the first earthquake of magnitude 4.0, points to be considered in the kriging. and in addition some earthquakes and microearthquakes in between them. We can also see that, after 17 days, the frequency of earthquakes becomes lower and decreases progressively. 4.5 Restoration of the experimental histogram using 80 days after the occurrence of the first earthquake, the series direct Gaussian anamorphosis ends with an earthquake of magnitude 2.8. Once we have the conditioned Gaussian values, it is possible Some of the earthquakes of this series were felt by the to calculate the real units to which the Gaussian values population, with intensities that varied between II and VII correspond using the process of calculation of the direct degrees on the MSK scale. The stronger earthquakes were felt Gaussian anamorphosis, previously mentioned in Section 4.2.
in towns situated some hundreds of kilometres from the epicentre, and in the nearest towns, such as Adra, Balanegra, Balerma and Berja, major damage was caused to the buildings.
Numerical validation of the simulated model
Finally we prove that the simulated data satisfy the geo-5.2 Estimation of the error in the measurement of the statistical hypotheses that are considered in their calculation. magnitude To do this, the fundamental statistical data are studied, the histogram and variogram as well as the experimental and
The magnitudes of these earthquakes have been calculated the simulated values, and then they are compared.
from the duration of the seismic recordings established by We also prove that, since we consider a data series of real De Miguel et al. (1988) : magnitudes but randomly ordered, when we calculate the M d =(1.67±0.11) log t−(0.43±0.19) .
(54) experimental variogram we obtain a random variogram, which is a reflection of the fact that the existing structure among the These authors also found that, because the epicentral distance real data is lost.
term had an influence of the order of 10−4 times the epicentrestation distance, for distances less than 1000 km (area covered by the RSA) this influence was in all cases less than 0.1 degrees 5 APPLICATION OF THE METHOD TO of magnitude and the corresponding term was eliminated. The THE BERJA SEISMIC SERIES ( ALMERIA, epicentre-station distances are in this case of the order of SOUTH EAST SPAIN ) 1993 DECEMBER-1994 70-120 km.
MARCH
Assuming an error in the reading of the analogue recordings of 0.5 s, equivalent to 1 mm of distance (120 mm=1 min), the 5.1 Description of the seismic series estimation errors of each magnitude are summarized in Fig. 3 . The curve that gives the standard error of the estimation of All the data of the seismic series that are presented come from the Red Sísmica de Andalucía (RSA, Andalusian Seismic each magnitude is the central curve. The upper and lower curves show the errors of the maximum and minimum estimation, Network; Alguacil 1986; Alguacil et al. 1990) of the Instituto Andaluz de Geofisica y Prevenció n de Desastres Sísmicos respectively. In this study, however, the error that can be obtained when (IAGPDS, Andalusian Institute of Geophysics and Prevention of Seismic Disasters, Granada, Spain).
estimating the absolute values is not as important as the fact that the data have a certain homogeneity; that is, they have The Berja (Almería, Spain) seismic series took place in an area in the southeast of the Iberian Peninsula (Fig. 1a) that all been measured or calculated in the same way. has a high level of seismicity, between 1994 December 23 and 1994 March 12. The locations of the epicentres classified 5.3 Calculation of the probability of the magnitude of according to magnitudes can be seen in Fig. 1(b) . The locations the next earthquake from data of previous earthquakes, of the most important towns are also included.
using conditional geostatistical simulation The most significant data of the earthquakes in this seismic series are given in Table 3 . For each earthquake in order, the Before we present the simulations, it is important to note that each one of the probability curves calculated is the result of date, time and magnitude according to the Richter scale are specified. In the date we include the year, month and day, and 100 simulations. Each one of the simulations was carried out using data from the earthquakes prior to each one considered, in the time, the hour and the minute.
The seismic series began with the earthquake of greatest and never using data of the earthquake to be simulated or of posterior earthquakes. This method, then, can be applied to magnitude, 5.0 on the Richter scale; after this there were several aftershocks, two of which reached 4.0 on the same scale. The real seismic series as they are occurring when we know some earthquakes that have already occurred. The number of earthprobability curve of the occurrence of an earthquake of a given magnitude. The results that are included are therefore the quakes that have to be known for this method to be applied depends on the seismic series, and is determined by the moment product of 4500 simulations. from which we know their structure, using the data from the earthquakes that have already occurred to calculate the vario-5.3.1 Basic statistical treatment and experimental variographic gram function. This aspect will be discussed with real data later. analysis 45 cases have been considered for the study of this seismic series and are summarized in Table 4 . In each case (the entry
The statistical treatment of the data is carried out in each case as detailed in Section 4.1. The results obtained are shown in given on the left of each column) we assume that we know the earthquakes that occurred up to a given time (central entry Figs 4(a) and ( b). We observe a tendency to a slight reduction in the values of the variance, the standard deviation, the in each column). From this time, earthquakes of the series indicated will be simulated (entry on the right of each column).
variation coefficient and the central moments of the third and fourth order as the quantity of data increases. 100 simulations are carried out for the calculation of the These statistical values indicate that we are dealing with data (52 per cent of the total ) (Figs 5a and b) , the first 58 data (75 per cent of the total ) (Figs 5c and d) and for the complete distributions that clearly have a bias to the right (the coefficient of skewness is greater than 0) and that are leptokurtic (the series, 77 data (Figs 5e and f ). Each one of the histograms of this distribution is considered representative of the distribution coefficient of kurtosis is greater than 3); that is, they have a greater kurtic value than the normal distribution. We can say, probability function of the same distribution. From the analysis of the histograms it can be seen that there is an absence of then, that there is a relative lack of low-magnitude earthquakes and microearthquakes. This fact could be either because of the earthquakes of magnitudes 2.6 and 3.1, and of magnitudes between 3.3 and 3.9 and between 4.1 and 4.9, both extremes real lack of these events or because of the detection level of the seismic stations. In this case, the first reason seems more inclusive. In these distributions we also observe that the value of the mode (magnitude 1.9) coincides with the median value probable because the RSA has stations very close to the area of interest and it is a network dedicated to the detection of around which the remainder of the values of the magnitude of this seismic series are distributed. microearthquakes (those of magnitude lower than 3.0).
In order to complete the statistical study, the histograms as The next step is to carry out the variographic analysis. Since we had data from earthquakes that had already occurred, we well as the cumulative histograms are shown for the first 40 Table 4 . Cases in which the magnitude occurrence probability curve was calculated by means of conditional geostatistical simulation for the Berja seismic series.
that the value of the sill indicates the moment from which all correlation among the data is lost and the maximum variability is obtained. The range indicates that there is some structural relation between the 29 (for the first case) earthquakes adjacent (according to their sequential order) and one given earthquake; that is, in this seismic series in the genesis of an earthquake, up to 29 previous earthquakes can have some sort of influence on it, or one earthquake can have some sort of influence on the next 29 earthquakes.
The fact that there is an experimental variogram to which a theoretical variogram function can be fitted, as well as the fact that the theoretical variogram that best fits is spherical, which is a function of a high degree of continuity, show that among these data there is some degree of structure. Although there is also some degree of randomness, this is not absolute. In this case we clearly appreciate the double character, random ( Fig. 6a), 76 (Fig. 6b), 75 (Fig. 6c), 70 (Fig. 6d), 65 (Fig. 6e) , 60 ( Fig. 6f ) , 55 (Fig. 6g) , 50 (Fig. 6h) , 45 ( Fig. 6i ) and 40 data (Fig. 6j) , in a sequential way, we observe the degradation carried out the analysis for a number of cases. From the that the experimental variogram suffers as we consider lower complete series, we gradually omit data until we reach a point numbers of data. The definition of the sill value, which is at which it is not possible to determine with certainty a clearly seen in the first cases, is not clear in the last ones. In theoretical variogram that fits the experimental variogram.
the cases with fewer data, we can also see that the values of The results obtained (Englund & Sparks 1991) are given in the points of the experimental variogram for values of step h Table 5 . In these cases, the step or distance h indicates the greater than 20 are quite erratic (the lines that appear in the number of earthquakes next to a given earthquake, because graph are indicative of points that exceed the scale of the figure), the variogram has been calculated with respect to the sequence due to the low number of pairs that can be established to of the order of the earthquakes. In all cases, the variogram that define it. It is also important to note that the range increases fits best is spherical (Sph, in the 4th column of Table 5 ) with as the number of data decreases, in such a way that, in the a sill value determined by the variance (e.g. 0.383 for the first case where 40 data of the seismic series are considered, this case of Table 5 ) and with the range indicated in brackets (e.g. value practically coincides with the range of the theoretical (29) for the first case in Table 5 ), or in the usual geostatistical notation, sill Type (range), 0.383 Sph (29). We should remember variogram. So, as the number of data decreases we can see that: Table 5 . Results from variographic analysis performed for the sequential evolution of the Berja seismic series magnitude.
Legend: P. K. S. (Correlation %): Points in kriging during simulation. No of adjacent points that will be taken into account during kriging in Conditional Geostatistical Simulation. The number in brackets shows the minimum correlation rate that exists between points spaced out. This correlation rate will be the minimum degree of certainty for each probability curve calculated. (1) The number of pairs that can be established decreases from the model that is defined until the quantity of data increases if we only had knowledge of the first 40-45 data. For and so the certainty with which the variogram is calculated this reason, we consider that we need at least 45 data to be also decreases.
able to define a theoretical variogram without having to know (2) The sill values (defined by the variance) increase.
later data, and around 50-55 to be able to fit a more viable (3) The range values of the variograms increase, in such a theoretical variogram. The variograms of the intermediate way that the last case practically coincides with the quantity cases that appear in Table 5 are models that have the variance of data and the range of the theoretical variogram. This fact value as the sill for the data considered. The type of variogram implies that the variogram model that can be fitted is undefined is spherical for this seismic series and the range value is since we only have the part of the experimental variogram between the range values of the previous and later variograms. previous to that delimited by the sill value.
The correlograms calculated from the theoretical variogram If we were studying this seismic series in real time, it would fitted to the relative variogram for different numbers of data are shown in Figs 7(a) to ( j), respectively. In every case, the not be possible to fit a theoretical variogram with certainty theoretical variogram fitted to the relative variogram is the up to two previous earthquakes, the degree of certainty varies between 85 and 88 per cent; if there are three then it is between same model as that fitted to the experimental variogram, taking into account that the sill value is equal to 1. When we 76 and 81 per cent. Another interpretation of the information that the correlogram offers is that it determines in the same way analyse the relative variograms and correlograms for the cases corresponding to 77, 76 and 75 data we observe that they are the degree of certainty that we will have when we simulate the magnitudes for one, two and three, etc., earthquakes posterior virtually identical. Slight differences appear as the number of data decreases, and the degree of correlation increases very to the one determined. In this way, in this seismic series, the simulation of the magnitude of an earthquake following a given slightly for a given distance as we have fewer data. This is due to the fact that fewer factors intervene in the calculation as earthquake will be possible with a degree of certainty between 93 and 95 per cent. The simulation for the second earthquake the quantity of pairs of data decreases. The correlograms are functions that provide important data for the calculation of that can occur after a given one will have a degree of certainty between 85 and 88 per cent; for the third, between 76 and 81 the simulations. First, we can establish the degree of certainty with which we intend to calculate the simulation, or, to be more per cent and so on. All these correlations are those which the graphs in Figs 7(a) to ( j) indicate. In this study we present precise, we can establish the maximum distance h of the points that are considered in the kriging process. For this distance, some simulations of magnitudes of up to seven earthquakes after one given that the degree of certainty for the simulation the correlogram offers a correlation percentage that will be the minimum degree of certainty with which the results will be of the seventh earthquake from one given can vary from 39 (case 1 in Table 4 ) to 50 per cent (case 10 in Table 4 ). The obtained. The number of points used in each of the cases considered and the degree of correlation that they present are calculation of the degree of certainty of any other case that can be considered can be obtained from the corresponding given in the last column of Table 5 . As the distance between points to be considered in the kriging increases there will be correlogram. more neighbouring points that influence the result, and the degree of certainty of the simulation will be less, with the reverse 5.3.2 Gaussian anamorphosis and variographic analysis of the being true as the distance decreases. So, for example, according Gaussian data to the correlograms obtained for this seismic series, if we consider only the influence of the earthquake previous to the The values of the Gaussian anamorphosis function calculated for the magnitudes are presented in Table 6 , which also gives one given, the degree of certainty of the simulation is 93 per cent for the first four cases considered (Table 4) , 94 per cent for the starting data of the intermediate calculations necessary to get to the final value of the function. The formula that is used cases 5 to 7, and 95 per cent for cases 8 to 10. If we consider Figure 6 . Experimental variograms and the fitted theoretical ones (in all cases of spherical type), considering the first 77 (complete series), 76, 75, 70, 65, 60, 55, 50, 45 and 40 data of the magnitudes of the earthquakes of the Berja seismic series. In the last cases the variogram is well defined until a certain value of the step h, due to the absence of data (for example in the last case, when considering 40 data, the experimental variogram is defined until h<21). All graphs have the same horizontal scale for ease of comparison.
(i) (j) Figure 7 . Correlograms for each of the cases studied, considering the first 77 (complete series), 76, 75, 70, 65, 60, 55, 50, 45 and 40 data of the magnitudes of the earthquakes of the Berja seismic series. Over some points of the correlograms, the corresponding degree of correlation (in per cent) that exists between the earthquakes separated by a step h (sequence order of the magnitudes in the present case) is shown. Table 6 . Calculation of the Gaussian anamorphosis function for the magnitudes of the first 60 earthquakes of the Berja seismic series.
Notes: The values in square brackets refer to the formulas used for the calculation of the corresponding parameter. The last column has been calculated by taking into account that on finding sets of values of repeated magnitudes, the Gaussian probability calculated for the element of highest order of the set is assigned to all of them. The values of the points that determine the tails, are calculated according to the Gaussian Modelization of the Distribution. in this calculation is specified in each column. Note that the Fig. 8( b) shows the relative variogram and the correlogram. The variographic analysis on Gaussian or normal data of the Gaussian value y in the last column is calculated by taking into account that, to sets of repeated values, we assign the magnitudes produces results similar to the existing structure among the data and in the fact that in both cases variograms calculated Gaussian value for the element of greatest order in the set.
that are indicative of very regular variables can be fitted. In the graph in Fig. 9 Gaussian values (x-axis) and the The experimental variogram of the Gaussian or normal values of the magnitudes (Fig. 8a) and the variogram which corresponding original values of the data ( y-axis) are shown. This figure shows the experimental anamorphosis function with fits best are calculated and expressed in geostatistics as the sill type (range), i.e. 0.840 Gau (21.6). The fact that it is better to the tail model adopted, according to the Gaussian modelization of the distribution tails. fit a Gaussian-type variogram function to the Gaussian values indicates that there is a better continuity than that which exists
The data resulting from this whole process (Pardo-Igú zquiza et al. 1992) appear in Table 7 . From the experience acquired, among the original values of the magnitudes, to which it is better to fit a spherical-type variogram, as this function has a we propose a nomenclature to name the files of the individual steps of the conditional simulation systematically. There are behaviour that shows somewhat less continuity at the origin. On the x-axis, the step h indicates the number of nearby earthquakes. The theoretical variogram fitted to the experimental one is Gaussian with a practical range equal to 21.6 and denoted 0.840 Gau (21.6). The variance is also shown. (b) Correlogram corresponding to the relative variogram, 1.0 Gau (21.6), of the normal values for the sequence evolution of the magnitudes for the first 60 earthquakes of Berja seismic series. On the x-axis, the step h indicates the number of nearby earthquakes. Over some points of the correlograms, the corresponding degree of correlation (in per cent) that exists between the earthquakes separated by a step h (sequence order of the magnitudes in the present case) is shown. For example, the correlation between an earthquake and the next 5 neighbouring earthquakes, h<5, is greater than 87 per cent. Table 7 . Calculation of the non-conditional simulation, conditioning of the simulation, and restitution of the simulated values to real ones for the magnitude of earthquake 61, from the previous 60 earthquakes of the Berja, seismic series. calculated in the inverse Gaussian anamorphosis process. The values are obtained from the magnitudes, expressed as Zdddrrr in Table 7 (Z is the letter used to refer to the random variables).
The result obtained is the magnitude value that the next earthquake of the series will probably have, 2.0 for earthquake number 61 in the example case.
Numerical validation of the simulated model
The result obtained in this case is in agreement with the reality of the phenomenon implied. In Section 5.3.2, we proved the goodness of the non-conditioned simulated data, obtaining the corresponding variograms that indicate the correlation and structure that there is among these points. 1989, 1991) . numerous files to be handled for each case, according to the number of realizations carried out, specified by a different 6 RESULTS AND DISCUSSION random number, rrr, to start the calculations, and according
The previous steps have shown the calculations carried out to the number of cases that we wish to calculate (ddd). The for one of the cases in detail. The whole process of conditional Gaussian values are in the column headed Gddd, where the G geostatistical simulation is repeated 100 times for each case to denotes Gaussian data, and ddd names the file according to be simulated, using the numbers 1 to 100 inclusive as random the number of data that have been used in the calculation, numbers. With all these data it is possible to calculate the and the Normal values of the ordered magnitudes appear in cumulative histogram (Fig. 11) , which contains the information the column headed Nddd.
from all these calculations in probability terms. As an example we consider a given magnitude of 2.5. The probability that an 5.3.3 Non-conditional simulation earthquake of magnitude greater than 2.5 will occur is 10 per cent, and the probability that this same earthquake will be of The non-conditional simulation is carried out from the variomagnitude less than or equal to 2.5 is 90 per cent. In the gram function fitted to the magnitude data, as for example in example case, earthquake number 61 had a magnitude equal case number 6 of Table 5 of the type 0.425 Sph (31.0). This to 1.5. process, starting from the values of the magnitudes, produces
Another way in which we can obtain information from the as a result the simulation of the Experimental points (column probability curve of Fig. 11 is by establishing the value of Edddrrr, in Table 7 ) as the file, and the non-conditional the greatest magnitude that the next earthquake can have. In simulation of the points to be Simulated (column Sdddrrr, in this case, there is a probability of 1 per cent that the next Table 7 ), where ddd is the number of data that have been used earthquake will be of magnitude 3.4; alternatively, we can say in the calculation and rrr is the random number used to that the maximum expected magnitude is equal to 3.5, or that initiate the calculation.
Conditioning of the simulation
By using kriging and starting from the data calculated in the previous step and from the Gaussian data of the experimental values Gddd, we obtain the value of the Conditioned simulated points Cdddrrr (column Cdddrrr in Table 7 ). In this process, we have calculated a realization of the simulation that contains the experimental points, which is also specified in the column of the Table, and the value immediately after the last known one is simulated (datum number 61, following the example case).
Restoring the experimental histogram using direct Gaussian anamorphosis
It is possible to restore the Gaussian values obtained in the Gaussian anamorphosis starting from the Normal values Nddd taking place, in terms of the range of the fitted variogram, the most reliable results are obtained for the following earthquake or at most for the next two earthquakes.
We can prove that the magnitude of the real earthquake is found within the margins defined by the probability curve, with the exception of a few cases that will be commented on below.
In case 11, the difference between the maximum expected magnitude 2.5 and the real magnitude 2.8 is 0.3 degrees of magnitude. By analysing the magnitudes of the series it can be seen that the magnitudes immediately prior to the one predicted are successively increasing, but in this case the simulation has ence, however, is not excessive. The same problem is apparent
(1) The probability that the magnitude of an earthquake is greater in cases 12 and 13, where the maximum expected magnitude than a given one. It is defined by the distance from the x-axis, at the is 2.2 in both cases but the magnitudes of the earthquakes that value of the magnitude considered to the curve. It is read directly from really took place are 2.5 and 2.4, respectively. The same thing the y-axis (for example, for an earthquake of magnitude 2.0 the happens for case 16, where the maximum expected magnitude is probability of occurrence is 68 per cent). (2) The probability that 1.7 but the magnitude of the real earthquake is 1.9; for case 23, the earthquake considered has a magnitude lower than or equal to a given one. It is defined by the distance from the point where the the corresponding magnitudes are 2.5 and 2.8 respectively;
previous case cuts the curve to the top of the graph. This probability for case 24, the magnitudes are 2.4 and 2.5, respectively; and is complementary to that defined in the previous case, and can be for cases 43 and 44, both have maximum expected magnitudes calculated by subtracting from 100% that probability (for example, of 2.0 and real magnitudes of 2.1. However, in all these cases, for an earthquake of magnitude 2.0 the probability of occurrence is the differences do not exceed 0.3 degrees of magnitude. Perhaps 32 per cent). (3) The maximum magnitude expected, defined as the the result that is furthest from the truth is that obtained in greatest magnitude that the probability curve reaches when it cuts the case 42, since the maximum expected magnitude was equal to x-axis (for example, in this case an earthquake of magnitude 3.5).
2.0 and the real earthquake had a magnitude of 3.0. With the exception of case 11, the results of the other cases considered above have appreciable differences with respect to their real the probability that the earthquake is less than or equal to 3.5 values, as a result of the simulations carried out for the is 100 per cent, and 0 per cent that it will be greater than this earthquakes posterior to the one being considered as the last magnitude.
one known. By comparing the magnitude of 1.5 of the real earthquake with number 61 of the seismic series (Table 3) , we have proved that this magnitude has a 100 per cent probabilty of occurrence.
7 CONCLUSIONS This is the same as if the expected earthquake had a 0 per cent The 'ceteris paribus' effect indicates that it is not possible to probability of being less than or equal to this magnitude and predict the future with total certainty with knowledge only of 100 per cent probability of being greater than this magnitude. the past. As direct causes are not considered here, it is not Figs 12(a) to (g) show the probability curves for each of the possible to predict the value of the magnitude of an earthquake cases in Table 4 . As can be seen from the Table, from a with total certainty, although it is possible to know the most quantity of data we have carried out simulations, according probable values between which it may fluctuate. to the cases, of up to seven earthquakes posterior to a given
The application of the method given here requires us to one. Obviously, the degree of certainty of the simulation of have data from earthquakes that have occurred up to a specific the second earthquake and later is inferior to that of the first moment. The minimum quantity of data and the starting earthquake, as the correlogram indicates. For this reason, point from which this method can be applied depend on the although it is feasible to simulate an earthquake from several behaviour of the seismic series, namely whether the structure previous earthquakes, the simulation will be more reliable if of the data can be established using the variogram function. it is done from the earthquake immediately previous, rather
We propose the use of conditional geostatistical simulation than from other more distant ones. So, for example, we have to simulate the sequence of magnitudes of a seismic series. obtained three probability curves for earthquake 77 (the last The method has been applied here in the most unfavourable one in the series): from the 76 previous earthquakes (case 1), conditions possible, since initially it was developed to complete from the first 75 earthquakes (case 3) and from only the first data series in which data both previous to and after the data 70 earthquakes (case 10). As can be seen from the respective that was to be simulated were known. In this work, we only probability curves, the best results are obtained in the first two know the data previous to a given moment and we simulate cases, since in the third case the maximum expected magnitude the magnitudes of the earthquakes that are most likely to is only equal to 2.2. The degree of certainty of the simulation occur later. is 95 per cent (correlogram in Fig. 7a ) in case 1, 90 per cent This method is intended to be used in seismological appli-(correlogram in Fig. 7b ) in case 3, and 66 per cent (correlogram cations, and a systematic nomenclature of the files generated in Fig. 7d ) in case 10. With these results, we have shown that, at each step has been proposed to make the use of it easier although theoretically it is possible to carry out simulations of several earthquakes before one given while the seismic series is and more rational.
(g) Figure 12 . Probability occurrence curves for an earthquake of fixed magnitude, calculated by conditional geostatistical simulation, for the Berja seismic series. Cases 1-3, 4-10, 11-17, 18-24, 25-31, 32-38 and 39-45 (g) are shown. Each curve is calculated from 100 simulated values that have been obtained considering only the data of earthquakes previous to the earthquake considered.
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